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We  present  a  tunneling  density  of  states  study  of  the  transition  from  a  superlattice  miniband 
to  a  sequential  coupled  well  structure.  We  have  observed  by  tunneling  spectroscopy  the 
eigenstates  of  a  finite  superlattice  system  far  below  the  Stark  localization  threshold.  The 
transition  from  an  indistinguishable  miniband  to  a  coupled  well  structure  is  experimentally 
found  to  be  2.5  meV  <H/(  miniband  width )/nf#  periods)  <10.5  meV. 


Semiconductor  superlattices  have  received  renewed  in¬ 
terest  for  the  design  and  fabrication  of  novel  electronic 
structures  utilizing  perpendicular  transport.  A  central  is¬ 
sue  for  the  design,  utilization,  and  analysis  of  superlattice 
structures  is  the  nature  of  the  electronic  states.  In  weakly 
coupled  superlattices  it  has  been  shown1  that  the  perpen¬ 
dicular  transport  proceeds  via  sequential  tunneling, 
whereas  under  the  proper  conditions  a  miniband  forms. 2^* 
We  present  here  a  tunneling  density  of  states  study  of  the 
transition  of  a  finite  superlattice  from  a  superlattice  mini¬ 
band  to  a  coupled  well  structure. 

A  generic  superlattice  tunnel  diode  structure5  was  uti¬ 
lized  to  study  the  density  of  states  in  a  series  of  superlat¬ 
tices.  Figure  1  shows  a  self-consistent  band  diagram  at 
resonant  bias  (a),  along  with  the  experimental  current  (/) 
[and  conductance  ( G '}]  versus  voltage  ( V J  characteristics 
(b),  of  the  type  of  structures  investigated  in  this  study. 
This  specific  example  is  a  structure  identical  to  the  initial 
work  of  Davies  et  a l.5  The  band  diagram  is  determined 
from  a  self-consistant  finite  temperature  Thomas-Fermi 
zero-current  calculation,6  with  the  superlattice  structure 
determined  from  an  envelope  function  calculation  super¬ 
imposed.  When  the  top  of  the  first  collector  miniband 
crosses  the  bottom  of  the  available  emitter  electron  supply, 
a  decrease  in  current  occurs  due  to  the  requirement  to 
conserve  both  energy  and  momentum.  This  is  defined  as 
the  resonant  (peak)  voltage.  It  should  be  emphasized  that 
realistic  band  diagrams  are  necessary  for  an  accurate  un¬ 
derstanding  of  resonant  effect. 

Table  I  illustrates  the  series  of  superlattice  structures 
investigated.  Structure  SI  was  identical  to  that  of  Davies  et 
al. 5  The  remaining  samples  consisted  of  a  Cr-doped  semi- 
insulating  GaAs  substrate,  a  0.5  pm  undoped  GaAs  buffer, 
a  1.0  /xm  1  X  10!8  cm  ~  5  n  1  -GaAs  bottom  contact,  a  420  A 
1 X 1017  cm  ' 3  (last  20  A  undoped)  GaAs  contact  to  su¬ 
perlattice  transition  region,  a  superlattice/tunnel  barrier/ 
superlattice  region  symmetric  about  the  tunnel  barrier,  a 
400  A  2X  i018  cm'  3  GaAs  top  contact,  and  an  InGaAs 
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top  nonalloyed  ohmic  contact.  To  study  the  effects  of  con¬ 
tact  doping,  S3  had  symmetric  400  A  IX  1017  cm"  3  con¬ 
tact  regions  adjacent  to  the  superlattices.  S5  was  identical 
to  S4,  except  that  the  bottom  superlattice  was  replaced 
with  bulk  GaAs  (though  the  doping  modulation  was  iden¬ 
tical).  Structural  parameters  were  verified  by  cross-section 
transmission  electron  microscopy,  and  photoluminescence 
of  nominally  identical  superlattices  (grown  without  doping 
and  contact  structures)  was  used  to  verify  superiattice 
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FIG.  1.  (a)  Self-consistent  T -point  energy  band  vs  epitaxial  dimension  of 
sample  SI  at  resonant  bias.  The  hatched  regions  denote  the  25-meV-wide 
lowest  superiattice  minibands  and  the  dotted  lines  the  Fermi  level.  The 
structure  is  identical  to  that  reported  by  Davies  et  al.  (Ref.  15)  7'=  4.2 
K.  (b)  Experimental  current  (solid)  and  conductance  (dashed)  vs  volt¬ 
age  characteristics  of  SI.  T  —  4.2  K. 
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TABLE  I.  Summary  of  the  superlattice  tunneling  structures  investigated. 
isSI  mm  —  Ec  denotes  the  energy  of  the  bottom  of  the  first  miniband  (in 
meV),  referenced  to  GaAs.  W  denotes  the  width  (in  meV)  of  the  first 
miniband.  The  superlattiee  minibands  were  calculated  using  an  infinite 
envelope  function  approximation.  isV.SL  —  Ee  denotes  the  Fermi  energy  of 
the  superlattiee  (in  meV),  referenced  to  GaAs. 
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band  from  25  to  105  meV  and  examine  the  vertical  trans¬ 
port.  Figure  2  shows  the  low-voltage  1-  V  and  G-  V  charac¬ 
teristics  of  S3  at  4.2  K,  The  ±  —  120  mV  major  peak 


Device  Bias  (V) 

FtG,  3.  Low-voitage  I-V  (dashed)  and  G-V  (solid)  characteristics  of 
sample  S4  (190-meV-wide  superlattiee  miniband)  at  10  K. 
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FIG.  4.  Experimental  (square)  and  theoretical  (circle)  resonant  cross¬ 
ings  of  the  collector  finite  superlattice  transmission  peaks  with  the  emitter 
superlattice  Fermi  level.  The  calculated  resonant  crossings  were  deter¬ 
mined  from  mapping  the  finite  superlattice  transmission  peaks  onto  the 
self-consistent  band  structure  and  determining  the  bias  at  which  they 
cross  the  emitter  Fermi  level. 

wise,  S3  shows  similariy  good  agreement.8  High-voltage 
deviation  may  indicate  a  zero-current  model  is  no  longer 
valid. 

The  absence  of  structure  in  SI  and  S2  implies  that  we 
have  experimentally  observed  the  transition  (in  this  sys¬ 
tem)  from  an  indistinguishable  miniband  to  a  coupled-well 
structure.  In  energy,  this  implies  the  transition  occurs  be¬ 
tween  state  splittings  of  4  meV  (the  maximum  in  SI )  and 
8  meV  (the  minimum  observable  in  S3),  when  kT  <  the 
state  splitting  E(i  +  !)  —  E(i).  Note  that  this  is  a  function 
of  the  position  of  eigenstate  /  within  the  miniband.  In  ra¬ 
tionalized  units,  this  corresponds  to  2.5  meV  <  W( mini¬ 
band  width  )/«(#  periods)  <  10.5  meV.  The  origin  of  the 
eigenstate  broadening  mechanism  (such  as  epitaxial  or  al¬ 
loy  fluctuations)  is  not  known. 

To  check  that  the  resonances  are  indeed  arising  from 
the  collector  density  of  states,  a  sample  (S5)  identical  to  S4 
but  with  bulk  GaAs  on  one  side  of  the  superlattice  was 
investigated.  Figure  5  shows  the  G-  V  characteristics  of  this 
structure  at  10  K.  Positive  bias  corresponds  to  electron 
injection  from  the  bulk  GaAs  into  the  finite  superlattice. 
Under  this  condition,  the  position  and  number  of  the  sub¬ 
resonance  peaks  compares  well  with  that  of  the  finite  su¬ 
perlattice  injector  sample.  As  has  been  pointed  out 
earlier,"  there  is  no  structure  in  the  reverse  bias  direction 
since  the  collector  is  bulk.  It  should  be  noted  that  the  lower 
Fermi  level  in  the  bulk  GaAs  ( versus  the  replaced  super¬ 
lattice)  accounts  for  the  voltage  shift  of  the  subresonant 
peaks. 

In  summary,  we  have  observed  by  vertical  tunneling 


FIG.  5.  G-V  characteristics  of  sample  S5  (S4  with  one  superlattice  re¬ 
placed  with  bulk  GaAs).  T ~  10  K.  Positive  bias  corresponds  to  electron 
injection  from  the  bulk  GaAs  into  the  finite  superlattice. 

transport  the  eigenstates  of  a  finite  superlattice  system  far 
beiow  the  Stark  localization  threshold. 
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